CFD modeling using RANS and LES of pollutant dispersion in a three-dimensional street canyon is investigated by comparison with measurements. The purpose of this study is to confirm the accuracy of LES in modeling plume dispersion in a simple street canyon model and to clarify the mechanism of the discrepancy in relation to RANS computation. Simple LES modeling is shown by comparison with wind tunnel experiments to give better results than conventional RANS computation (RNG) modeling of the distribution of mean concentration. The horizontal diffusion of concentration is well reproduced by LES, due mainly to the reproduction of unsteady concentration fluctuations in the street canyon.
Introduction
Microclimate and air quality in urban areas has gained increasing attention in recent years. Street canyons are typical architectural structures in urban environments and they represent highly polluted zones around buildings. In order to minimize the effect of these pollutants in built-up environments, it is necessary to model and accurately predict contaminant dispersion properties in street canyons. Many fundamental studies have been conducted over the years by experimental modeling of flow and pollutant dispersion in street canyons using wind tunnels. Experimental techniques for modeling pollutant diffusion in street canyons were reviewed in detail by Vardoulakis et al. (2003) . On the other hand, the rapid development of computer hardware and numerical algorithms has led to wide utilization of Computational Fluid Dynamics (CFD) in the study of wind fields and pollutant transport in urban street canyons see Li et al. (2006) .
Reynolds-Averaged Navier-Stokes equation (RANS) models, in particular with the standard k-ε model (hereafter SKE; Launder and Spalding, 1972) , have been commonly adopted as turbulence models in calculating flow and dispersion in street canyons. Previously published papers have compared turbulence models for this type of flow. As target experimental data for validating CFD results, wind tunnel experiments on a twodimensional street canyon with H/W=1.0 (H: building height, W; distance between buildings) obtained by Pavageau and Schatzmann (1999) have been used in several studies (Meroney et al., 1996) . Chang and Meroney (2001) indicated that the concentrations obtained by SKE and the RNG k-ε model (hereafter RNG; Yakhot et al., 1992) were similar, although both were overestimated in comparison with the experimental results. Furthermore, Chan et al. (2002) reported that the RNG model yields better agreement than other turbu-lence models, i.e. SKE and the Realizable model (Shih et al., 1995) , in which concentration distributions at wall surfaces were evaluated higher than those of the experiment. This difference was attributed to the smaller eddy viscosity estimated by the RNG model compared with the other models. Nazridoust and Ahmadi (2006) analyzed the same configuration using the Reynolds stress model (hereafter RSM) and other turbulence models and reported that the RSM over-predicts the concentration at the leeward wall surface in high wind velocity cases, although it generally provides better agreement with the experiment on concentration distribution near the surface wall than the other models.
As a target for validating CFD applied to pollutant diffusion in continuous street canyons, MUST (Mock Urban Setting Test) observation data have often been used (Yee and Biltoit, 2004) . A 12×10 aligned array of shipping containers was used to simulate the urban environment. Each container was 12.2m long, 2.42m wide and 2.54m height. A detailed wind tunnel experiment was conducted for this configuration (Harms et al., 2005) and the model evaluation guidance and protocol document is available from the European COST action 732 (Britter and Schatzmann, 2007) . Hanna et al. (2004) reported that the prediction results obtained by SKE were smaller than the observation data with an average concentration 36% lower and a maximum concentration 2 times lower. Milliez and Carissimo (2007) also conducted an analysis using SKE and compared these results with observations. They reported that there is a tendency to overestimate the turbulent energy in the case with low inflow velocity, leading to underestimation of concentration in the CFD results.
RANS models have been widely used for investigations of flow and dispersion in street canyons, although, as already discussed, several previous studies have pointed out some inherent limitations in the models. The subjects of these investigations include effects of canyon shape (Sini et al. (1996) ; Chan et al. (2001) ), effects of turbulence intensity of approach flow ), thermal effects due to sunshine (Sini et al. (1996) , Xie et al. (2005) ), and so on. Therefore, the relative performance of simulation methods when applied to the dispersion problem in street canyons should be studied in order to assess the reliability of these investigations.
Several studies have argued that LES results show good agreement with experimental results in terms of the distributions of mean velocity and turbulence energy around a simple building, even when the simple subgrid scale model is used (Murakami, 1993; Rodi, 1997; Tominaga et al., 2008a) . This is because the momentum diffusion due to vortex shedding around the building, which is not reproduced in steady-state RANS computation, is closely related to the formation of the mean flowfield. The authors have confirmed the accuracy of LES in modeling dispersion near and around a simple building model and clarified the mechanism of the discrepancy in relation to the RANS computation in a previous study (Tominaga and Stathopoulos, 2010) . In that study, it was reported that the RANS model underestimates the turbulence diffusion near a building in comparison to LES and the modeling accuracy of turbulent diffusion is very important for predicting the concentration distribution. Blocken et al. (2008) also pointed out that transient simulations might be required to achieve more accurate results through steady-state RANS computations of pollutant dispersion in the neutrally stable atmospheric boundary layer for several case studies. On dispersion in a street canyon, Walton et al. (2002a Walton et al. ( , 2002b compared results obtained by LES and SKE with results of experiments conducted in a courtyard space surrounded by buildings, similar to a street canyon. Recently, Li et al. (2008) and Hu et al. (2009) applied LES to dispersion modeling in street canyons. According to their findings, LES is in close agreement with the experimental results, and they concluded that this is because LES predicts turbulence intensity more accurately. Santiago et al. (2010) also reported that for the MUST case, LES results are closer to the experimental values for the local vertical mean velocity than SKE results. However, very few studies have evaluated the basic performance of LES in modeling the dispersion field in a street canyon by comparison with the RANS model. This study extends the investigation of flow and dispersion around a cubic building in a previous study (Tominaga and Stathopoulos, 2010) to flow and dispersion in a simple street canyon model. Its purpose is to confirm the accuracy of LES in modeling dispersion in a street canyon and to clarify the mechanism of the discrepancy in relation to the RANS computation.
Computational details

Experimental setup
Fig . 1 shows the model configuration. In the street canyon model adopted here, the building length is finite and the ambient wind blows perpendicular to the street canyon. Two parameters of canyon shape, H/W and H/L, are defined as 1.0 and 0.5, respectively (H: building height, W: distance between buildings, and L: build-ing length). This geometry was expected to produce a skimming flow regime in the canyon (Hunter et al., 1992 ; Baik et al., 2003) . Although this is a simple canyon configuration for investigating the basic structure of flow and dispersion in a street canyon, a parametric study with different aspect ratios would be of great interest in further study. Experiments were carried out in the wind tunnel at Niigata Institute of Technology. The test section of the boundary layer wind tunnel is 13m long, 1.8m high and 1.8m wide. A combination of spires and surface roughness is used in order to simulate an approach wind profile. The quantities at the inflow boundary are shown in Fig. 2 . The vertical profile of mean velocity in the approaching flow approximately obeys a power law with an exponent 0.21. The streamwise turbulent intensity at building height H is 20%. Passive pollutant was released at a point source at the center of the street bottom. Ethylene (C2H4) was used as a tracer gas. The concentration of emission gas was 1000ppm. The ratio of exit velocity, W S to <u b > was 0.12, where <u b > =3.8 m/s is the upwind mean velocity at building height H. Concentration measurements were performed using a high-speed total Hydrocarbon analyzer (Technica; H-THCA-01). Wind velocity was measured by a split fibre probe (Dantec Dynamics; 55R55) and a CTA module, which can discern three-dimensional components of velocity vector. The time averaging was conducted for a period of 30 sec to obtain statistical values. 
Numerical methods
The self-developed code used for both RANS and LES computations is based on a finite volume approach for solving flow and concentration equations on structured rectangular grids.
(1) RANS: The RNG model, which shows best agreement with the experiment of the four types of turbulence models in the previous study (Tominaga and Stathopoulos, 2009 ), was used. The turbulent Schmidt number was set to 0.7 (Tominaga and Stathopoulos, 2007) . The QUICK scheme was used for discretizing momentum and concentration equations. Unsteady calculations were carried out, but results obtained by RNG showed almost no unsteady motion like vortex shedding. (2) LES: The standard Smagorinsky model with the empirical constant C S =0.12 was used for the sub-grid scale eddy viscosity model (Smagorisky, 1963) . Applicability of the Smagorinsly model with C S =0.12 for a flow around a building model was confirmed in the previous studies (Murakami, 1993; Tominaga et al., 2008a) . Near the wall, the length scale was modified by a Van Driest (1956) damping function. The subgrid scale Schmidt number was set to 0.5 (Antonopoulos-Domis, 1981). It should be noted that it does not necessary that optimum values of Schmidt number are equal in LES and RANS, because their modeling length scales are completely different. We used the same values with those in the previous study (Tominaga and Stathopoulos, 2010) by considering their consistency. A second-order centered difference scheme was adopted for the spatial derivatives. For time advancement, the Adams-Bashforth scheme was used for the convection terms and the Crank-Nicolson scheme for the diffusion terms. Although the methods adopted in the LES computation were rather conventional, simple and traditional sub-grid scale models were used in order to focus only on the difference between the modeling approaches of RANS and LES, that is, whether transient flow can be solved or not. The time step is set to Δt =1.0-4 s. Before time averaging, the computation was run during for 60 non-dimensional time units t* (=t×<ub>/H) to remove the influence of an initial condition. Then, the computations were conducted for 200 non-dimensional time units t* (=t×<u b >/H), which is correspond to 5 s in real time scale, to determine the time-averaged values. It was confirmed that the statistical results are almost repeatable with a longer averaging period.
Boundary conditions
The boundary conditions were set by basically following the guidelines provided by AIJ (Tominaga et al., 2008b) . The computational domain covered a volume of 18H (x 1 )×12H(x 2 )×6H(x 3 ). This domain was discretized into 108(x 1 )×76(x 2 )×42(x 3 ) grids. The minimum grid width was 0.0025H. These conditions were the same in both computations. In the RNG computations, it was confirmed that the prediction results did not change significantly with the finer grids. Although the girds seem to be rather coarse for LES, the same grids with the RANS computation are intentionally used for the same reason why the conventional and simple LES modeling are adopted as mentioned before. Turbulence in the exhaust outlet velocity was not considered.
(1) RNG: The vertical distributions of <u 1 >, k and ε at the inflow boundaries were based on the experiment. The generalized log law was used for the solid boundary (Launder and Spalding, 1974) . (2) LES: A separate LES computation of turbulent boundary layer flow was conducted to generate inflow turbulence. The inflow generating method used here was that proposed by Kataoka and Mizuno (2002) . It was confirmed that this method implemented to our computational code works well for reproducing the velocity and turbulence intensity profiles in arbitrary wind tunnel experiments (Tomianga et al., 2008a; Tominaga and Stathopoulos, 2010) . For the boundary condition at the solid walls, a linear or 1/7 power law distribution of instantaneous velocity was assumed (Werner and Wengle, 1991) . In this method, a no-slip condition is employed when a first grid point within the viscous sub-layer, or else a 1/7 power-law profile is assumed. Fig. 3 compares the velocity vectors on the vertical and horizontal planes. On the vertical section, recirculation flows were observed in the street canyons in the experiment and CFD. The experimental flow pattern in the street canyon is quite similar with the result of flow visualization for the same aspect ratio with this study (W/H=1) in continued street canyons presented in Chang and Meroney (2003) . Recirculation eddies in both RNG and LES formed in a region farther from the ground than in the experiment. The vertical component of velocity in the street canyon, which was rather small in LES, was dominant in RNG. The general pattern of the recirculation flow in LES was closer to that in the experiment than in RNG. On the other hand, on a horizontal section at x 3 /H=0.1, two vortices appeared within the street canyons in both experiment and CFD. Recirculation eddies in RNG formed in a region farther from the source point than in LES. The strong secondary flow in the upwind region just in front of the source point, which was not observed in LES or the experiment, was observed in RNG. The horizontal velocity near the upwind building in RNG was much stronger than that in LES.
Results and Discussion
Flow fields
As discussed later, this stronger horizontal velocity contributes to the transport of pollutant outward from the center region in the canyon. The distributions of turbulent energy k in the street canyon on vertical and horizontal planes are illustrated in Fig. 4 . A peak of k, which is over 5 times larger than the spatial averaged value, is observed in front of the downwind building in LES, but there is no peak in RNG. The value of k given by LES is larger than that given by RNG over the whole area of the street canyon. These results indicate that turbulent momentum diffusion in the street canyon was supplied from the upper region into the street canyon. This smaller value of k in the street canyon given by RNG made the recirculation flow larger than that given by LES, because the momentum diffusion becomes small in RNG.
The tendency of RNG to show larger velocity and smaller k values than LES is also observed in the results obtained by the previous study for the cubic building case (Tominaga and Stathopoulos, 2010) . However, for the street canyon, the difference between models becomes large, since the horizontal component of velocity in the street canyon is larger than that on the roof of the cubic building. 
3.2
Time-averaged concentration Fig. 5 compares the contours of the time-averaged concentration <c> on vertical and horizontal planes obtained from CFD and the experiment. On the vertical plane, a high concentration region spread to the leeward side of the upwind building in both models. These high concentrations were mainly transferred by recirculation flows in this region (cf. Fig. 2 ). This tendency can be also observed in the experimental results with the W/H=1 case reported by Chang and Meroney (2003) . The transfer concentration in the upwind direction by advection was dominant in the result by RNG. However, the diffusion of concentration in the vertical direction above the source point in RNG was smaller than that in LES and the experiment. On the horizontal plane, the distribution patterns for the two models were very different. RNG showed larger concentrations in the region upwind of the source point than LES. The high concentration region of <c> in RNG also expanded horizontally near the leeward side of the upwind building in comparison with LES and the experiment. Generally, RNG underestimated the turbulence diffusion in the street canyon. On the other hand, in LES, the concentrations were widely spread in the horizontal direction. The general distribution of <c> from the experiment is well reproduced in LES than RNG. The distribution of <c> along the streamwise direction (x 1 ) passing through the source in the street canyon is shown in Fig. 6 . Error bars indicate ± standard deviation of replicate measurements within an experiment. At the bottom height of the canyon, in the upwind area from the source point, the RNG values were approximately 4 times higher than the LES values in maximum. The distribution of <c> obtained by the experiment is well reproduced by LES. At the middle and the top height of the canyon, RNG shows 3 times higher value of <c> near the leeward wall of the upwind building than LES and the experiment, which gives rather flat distribution. In general, the distributions of <c> obtained by LES show good agreement with the experiment (approximately 25% on average). These results were caused by larger turbulence diffusions in lateral direction obtained by LES in comparison with RNG (cf. Fig. 5 ). On the time-averaged concentration, the effect of horizontal advection on concentration in LES is larger than that in RNG. This tendency is similar in the cubic building (Tominaga and Stathopoulos, 2010) and the street canyon cases. However, the difference between two approaches appeared in the street canyon is larger than that in the flow around the cube. This is because the scalar transport in the horizontal direction inside the street canyon is more dominant than that on the roof of the cubic building. 
3.3
Concentration fluctuations Fig. 7 shows the time history of instantaneous concentration inside the street canyon with three different heights at the centerline obtained by LES. The values are normalized by the time averaged concentration at the same points. Results are presented for different dimensionless time steps t* defined by <u b > and H, as mentioned previously. Even at the top of the canyon, high concentrations, which are approximately 5 times larger than the time-averaged value in maximum, occur intermittently. The time series iso-surfaces of instantaneous concentration in street canyon are illustrated in Fig. 8 . The shapes of the high concentration region vary widely in each time step. These time series assert that the plume dispersion in the street canyon was indeed highly unsteady. The r.m.s. value of concentration fluctuation predicted by LES is compared with the experimental data at the bottom of the street canyon in Fig. 9 . The values predicted by LES are in good agreement with the experimental data. The r.m.s. value shows a large peak above the source point, and the value is relatively low in downward region from the source. The tendency that the distribution of r.m.s. values tends to be similar to that of the mean concentration was also observed for the cubic building case. 
Conclusions
CFD modeling using RANS and LES of pollutant dispersion in a three-dimensional street canyon is investigated by comparison with measurements. Clearly, LES computation can provide important information on instantaneous fluctuations of concentration, which cannot be obtained by RANS computations (RNG). The results obtained by LES indicate that the plume dispersion in the street canyon is highly unsteady. Moreover, in terms of the difference of turbulent scalar diffusion modeling by two modeling approaches, the following conclusions can be made from this study:
(1) Simple LES modeling gives better results than conventional RANS computation (RNG) modeling of the distribution of mean concentration in comparison with the wind tunnel experiment. For example, at the bottom height of the canyon, in the upwind area from the source point, the RNG values were approximately 4 times higher than the LES and the experimental values in maximum. The horizontal diffusion of concentration is well reproduced by LES, due mainly to the reproduction of unsteady concentration fluctuations in the street canyon. (2) On the other hand, RNG underestimates turbulence diffusion in the street canyon in comparison with LES.
The difference of the scalar transport properties between two approaches can be explained clearly by the difference of turbulence scalar flux modeling. The turbulence diffusion flux obtained by LES is more widely spread in the lateral directions than those by RNG. The modeling accuracy of turbulent diffusion is very important for predicting the concentration distribution. (3) Wind flow and concentration fields around a street canyon and a cubic building show similar variation trends when computed by using LES or RANS methodologies. However, the difference between two approaches appeared in the street canyon is larger than that in the flow around the cube. This is because the scalar transport in the horizontal direction inside the street canyon is more dominant than that on the roof of the cubic building.
To generalize the above conclusions, further investigations are required on the influence of canyon shape on the flow regime around the street canyon and the effect of the surroundings, which is closely related to the turbulence intensity of the flow upstream and inside the street canyon. : three components of spatial coordinates (i=1,2,3: streamwise, lateral, vertical)
